We construct phenomenologically viable supersymmetric models where CP is an approximate symmetry. The full high energy theory has exact CP and horizontal symmetries that are spontaneously broken with a naturally induced hierarchy of scales, Λ CP ≪ Λ H .
Introduction
Within the Standard Model, the following features regarding CP violation hold:
(i) CP is broken explicitly.
(ii) All CP violation arises from a single phase (that is the Kobayashi-Maskawa phase δ KM ). (and similarly various other CP asymmetries in B decays), and the ratio a πνν , 2) are expected to be of order one.
The commonly repeated statement that CP violation is one of the least tested aspects of the Standard Model is well demonstrated by the fact that none of the above features necessarily holds in the presence of New Physics. Such a dramatic difference from the Standard Model is possible, for example, in the supersymmetric framework. (For a recent review of CP violation in supersymmetry, see [1] .) Indeed, in this work, we construct phenomenologically viable supersymmetric models, with the following features:
(i) CP is an exact symmetry of the full theory but is spontaneously broken at some high energy scale by a VEV of a gauge singlet scalar field.
(ii) In the low energy effective theory, there are many independent CP violating phases, in particular in the mixing matrices of gaugino couplings to fermions and sfermions.
(iii) In the low energy effective theory, CP is an approximate symmetry. The KobayashiMaskawa phase is too small to account for ε K which is explained, instead, by supersymmetric contributions.
(iv) The values of all other CP violating observables can be estimated and, in many cases, are drastically different from the Standard Model predictions. In particular, a ψK S and a πνν are both much smaller than one.
The mechanism that is responsible for the approximate nature of CP is basically the following. The full high energy theory has exact horizontal and CP symmetries. There are three relevant high energy scales: Λ H , where the horizontal symmetry is spontaneously broken; Λ CP , where CP is spontaneously broken; and Λ F , where the information about these spontaneous breakings are communicated to the observable sector. There exists a hierarchy between these scales: Λ CP ≪ Λ H ≪ Λ F (the hierarchy Λ CP ≪ Λ H is naturally produced by the scalar potential), so that in the low energy effective theory, the horizontal symmetry and the CP symmetry appear explicitly broken by small parameters:
This mechanism, while predicting phenomenology of CP violation that is very different from the Standard Model, also solves both the flavor and CP problems of supersymmetry.
Our models use the Froggatt-Nielsen mechanism [2] to achieve the small breaking parameters. We employ supersymmetric abelian horizontal symmetries similarly to [3] .
The supersymmetric flavor problems are solved by the alignment mechanism [4, 5] . As concerns CP violation in the supersymmetric framework, the idea of approximate CP has been discussed in refs. [6] [7] [8] , and spontaneous CP violation has been discussed in refs.
[ [9] [10] [11] [12] [13] [14] [15] [16] [17] [6] [7] . Our work is closely related to two of these works. In ref. [7] , models were constructed with spontaneous CP breaking and approximate CP in the low energy theory.
However, while the mechanism of communicating the breaking in ref. [7] is aimed to solve the strong CP problem and leads to a single low energy phase, our mechanism is aimed to solve the supersymmetric flavor problems and leads to a large number of low energy phases. Both the breaking mechanism and the communication mechanism are the same as in ref. [17] . The main new ingredient in our models is that, while the models of ref. [17] have effectively CP breaking parameters of order one, the models presented in this work give small CP breaking and, therefore, a very different phenomenology of CP violation. Moreover, as the supersymmetric CP problem is solved partially by the approximate nature of CP, the required alignment is much less precise than in existing models. This situation gives more freedom in constructing the models and also allows for some different phenomenological signatures in FCNC processes. (We do not consider the strong CP problem in this work. Note, however, that the alignment models may solve this problem too [18] .)
The structure of this paper is as follows. We first present two explicit models of approximate CP, one where the breaking parameter is intermediate,
and the other where it is very small, O(0.001) (section 3). The implications of these models for flavor changing neutral current processes are studied in section 4 and for CP violation in section 5. Section 6 clarifies an interesting point about holomorphic zeros, which bears consequences for rare K decays. Our conclusions are summarized in section 7.
Model I
Our first model employs a horizontal symmetry
The superfields of the supersymmetric standard model (SSM) carry the following Hcharges:
where Q i are the quark doublets,d i andū i are the down and up quark singlets, and φ i are the Higgs doublet fields. In addition, we have three standard model singlet superfields:
The horizontal symmetry is spontaneously broken when the three S i fields assume
VEVs. The breaking scale is somewhat lower than a scale M where the information about this breaking is communicated to the SSM, presumably by heavy quarks in vector-like representations of the Standard Model [2] . We will quantify all the small parameters as powers of a small parameter λ which we take to be of O(0.2). Then, we take for the three VEVs
Note that due to the U (1) 1 × U (1) 2 symmetry, we can always choose S 1 and S 2 to be real. However, S 3 is, in general, complex with a phase of O(1). Then CP is spontaneously broken by ǫ 3 . The hierarchy ǫ 3 ≪ ǫ 1 , ǫ 2 and arg(ǫ 3 ) = O(1) can be naturally induced, as explained below.
The electroweak symmetry is spontaneously broken by the VEVs of φ d and φ u , and we assume that
The model is defined by the horizontal symmetry, the assigned horizontal charges and the hierarchy of VEVs. For most of our purposes, however, we need not consider the full high energy theory. It is sufficient to analyze the effective low energy theory, which is the SSM supplemented with selection rules that follow from the H-breaking pattern: These selection rules allow us to estimate the various entries in the quark mass matrices M q and the squark mass-squared matricesM q2 . For each entry, we write the leading contribution and the subleading contribution if it is complex with respect to the leading one (namely, if it has a different ǫ 3 -dependence). We do not write the coefficients of O (1) which appear in each entry. For the quark mass matrices and for the off-diagonal blocks in the squark mass-squared matrices, we write the effective matrices after the rotations needed to bring the kinetic terms into their canonical form have been taken into account [5] . We get:
We can also estimate the size of the bilinear µ and B terms:
(2.12)
Thus the horizontal symmetry solves the µ-problem in the way suggested in ref. [19] .
From the mass matrices, we can further estimate the mixing angles in the CKM matrix and in the gaugino couplings to quarks and squarks. We denote the latter by K q M where, for example, K d L is the mixing matrix that describes the gluino couplings to left-handed down quarks and 'left-handed' down squarks. (The LR mixing angles are very small and we do not present them explicitly.) We write the estimates in terms of powers of λ. For the CKM matrix, we find
as required by direct measurements, and
(2.14)
For the gaugino couplings we find
Note that in (2.15)-(2.18) we omit coefficients of order one not only in the overall magnitude but also in the phases.
Finally, we can estimate the relevant supersymmetric CP violating phases [20, 21] : 20) while the corresponding φ d A is negligible. Before concluding this section, we would like to show how a complex S 3 which is hierarchically smaller than S 1 and S 2 can be achieved naturally. Let us add yet another Standard Model singlet field S 4 (6, 2). The S i dependent terms in the superpotential are
where a, b, c are dimensionless numbers of O(1). For S 4 = 0 we have
We see that indeed |ǫ 3 | ∼ |ǫ
(This mechanism for spontaneously breaking CP was first suggested in ref. [7] .)
Model II
Our second model employs a horizontal symmetry
The SSM superfields carry the following H-charges:
We have four standard model gauge singlet fields:
The orders of magnitude of the various S-VEVs are
but S 4 is, in general, complex with a phase of O(1). For the electroweak breaking VEVs, we take
For the various quark and squark mass matrices, we get:
where
For the bilinear terms, we find
(3.12)
For the CKM matrix, we find again magnitudes consistent with the measurements (namely, the same orders of magnitude as in (2.13)) but the KM phase is smaller:
The supersymmetric CP violating phases are: The last option arises naturally in models of Abelian horizontal symmetries of the type that we used in constructing our models. Indeed, one can easily see from eqs. (2.15)-(2.18) and (3.14)-(3.17) that there is no mixing angle of order one in our models; they are all suppressed by the selection rules of the horizontal symmetries. To understand whether the alignment in our models is precise enough to satisfy the phenomenological constraints and, in the case that it is, whether the supersymmetric contributions are significant in comparison to the Standard Model ones, we write down the constraints on the mixing angles (taken from ref. [22] ) in terms of powers of λ and then compare to the predictions of our two models. This is done in Table 1 . Table 1 . Supersymmetric mixing angles in our models and the phenomenological bounds on them.
We learn the following points from the Table: (i) The contributions to ∆m
2 saturate the experimental upper bound in both models. This is a generic feature of models of alignment [4, 5] , related to the fact that in these models the Cabibbo mixing (|V us | ∼ λ) comes from the up sector.
(ii) The contributions to ∆m B are very small. In all alignment models, the standard model amplitudes dominate [5] . But while the supersymmetric contributions could be generically of O(20%), the models constructed here provide an example where these contributions are below the percent level.
(iii) The contributions to ∆m K are of O(10%) in model I and saturate the experimental value for model II. This is in contrast to all previous models of alignment where, to satisfy the ε K constraint, the supersymmetric contributions to ∆m K were negligibly small. The large contribution comes in the two models from (K b. The contributions from the (LR) blocks in the squark mass-squared matrices are much smaller than those coming from the mixing angles presented in Table 1 . This is the reason why, even though we calculated them explicitly, we do not present them in (this seems a rather generic feature of models with discrete Abelian symmetries), which is the reason that we do not present it here.
The contribution to K + → π + νν from the (LR) sector is negligibly small. For the (LR) contributions to be significant, we need the off-diagonal terms inM q2 LR to be of O(m tm ) [24] , while in our models they are much smaller than that, as can be seen from eqs. (2.11) and (3.11).
CP Violation
Each of the two models that we have constructed has an approximate CP symmetry The first thing to note is that with δ KM ∼ λ 2 or λ 4 , it is impossible to account for ε K ∼ 10 −3 by the Standard Model contributions. However, in both models,
which can account for ε K from the supersymmetric gluino-mediated diagrams.
The most dramatic consequences of the approximate CP symmetry concern the CP violating asymmetries that are expected to be large in the standard model. First, let us consider CP asymmetries in neutral B decays into final CP eigenstates. For the sake of definiteness, we consider a ψK S . The supersymmetric contributions to the B −B mixing amplitude are, as mentioned above, negligible. Usually this leads to the conclusion that the standard model predictions for a ψK S remain valid. But this is definitely not the case in our framework. The fact that δ KM is very small means that so will be a ψK S . Explicitly,
If a ψK S is measured to be in the Standard Model range, our models of approximate CP will be excluded.
Concerning a πνν , it was shown that a πνν = sin 2 θ K , where θ K is the relative phase between the K−K mixing amplitude and the s → dνν decay amplitude [25] . In our models, the standard model contributions dominate both the real part and the imaginary part of the decay amplitude. In model I, the standard model also dominates the real part of the mixing amplitude, while the supersymmetric contribution dominates the imaginary part. In model II, the two contributions to the real part are comparable, but supersymmetric diagrams dominate the imaginary part of the mixing amplitude. In either case, the approximate CP symmetry leads to a strong suppression of a πνν :
We learn that if a πνν is measured in the foreseeable future, our models of approximate CP will be excluded.
CP could play an interesting role in D −D mixing [26, 27] . In measuring the timedependent decay rate for Finally, we discuss the electric dipole moment of the neutron d N . It was argued in ref.
[1] that in supersymmetric models without universality, namely when there is no super-GIM mechanism, there is a generic lower bound on the CP violating phases that contribute to d N . This bound is of O(λ 6 ) and leads to d N > ∼ 10 −28 e cm. This bound is about three orders of magnitude above the value in supersymmetric models with universality and may be within the reach of forthcoming experiments. Indeed, our models obey this bound and predict a potentially observable d N .
Our results concerning CP violation are summarized in Process SM Model I Model II Table 2 . CP violating observables in the SM and in our models.
Lifting Holomorphic Zeros
The Yukawa couplings, being part of the superpotential, are holomorphic in the Hbreaking parameters. In particular, if all breaking parameters carry charges of the same sign under one of the horizontal U (1)'s, then an entry in the Yukawa matrix that breaks H by a charge of the same sign vanishes [4] . We call these vanishing Yukawa couplings 'holomorphic zeros'. However, in the basis where these holomorphic zeros are exact, the kinetic terms are not canonical. When we normalize them back to a canonical form, the holomorphic zeros are lifted [5, 29] .
Knowing the CKM mixing angles and the quark mass ratios allows us to guess a 'naive value' for each entry in the Yukawa matrices [3] . These are To prove that a lifted holomorphic zero is suppressed by at least the square of the breaking parameters, let us consider a horizontal symmetry H = U (1) x × U (1) y broken by small parameters of order
with two down-quark generations,
The kinetic terms for the (Q 1 , Q 2 ) fields have coefficients of order 1 λ 
A straightforward calculation shows then that the effective
This should be compared to the 'naive' value, which is
Let us first examine A of eq. (6.7). We assume that d y ≥ b y (otherwise the suppression is even stronger). From a x + b x ≥ 0 and a x + d x < 0, we conclude that
Second, we examine B of eq. (6.7). We assume that a y ≥ c y . From c x + d x ≥ 0, we conclude that c x > a x . We learn that
As concerns C, it is easy to see that it is smaller than A and B.
The final conclusion is then as follows. Suppose that a holomorphic zero is induced because the Yukawa coupling carries a negative charge under a symmetry U (1) x that is broken by a small parameter ǫ x ∼ λ n x . Then, the effective Yukawa coupling, that is the coupling in the basis where the kinetic terms are canonically normalized, obeys
Since in all our models n x ≥ 1, the suppression is at least by O(λ 2 ).
Conclusions
Supersymmetry allows for CP violating mechanisms that are dramatically different from the Standard Model. In particular, CP could be an approximate symmetry, with all CP violating phases very small, 10 −3 < ∼ φ CP ≪ 1.
In this work, we gave two examples of phenomenologically viable models where CP is broken by paramaters of order 0.04 or 0.001.
The two models that we presented here are not unique. We use them to demonstrate how approximate CP can arise naturally and to explore the phenomenological signatures of approximate CP. The specific models should only be thought of as examples, but the underlying CP breaking mechanism and the resulting phenomenological implications are generic to this class of models.
The fact that the Standard Model and the models of approximate CP are both viable at present is related to the fact that the mechanism of CP violation has not really been tested experimentally. The only measured CP violating observale, that is ε K , is small. Its smallness could be related to the 'accidental' smallness of CP violation for the first two quark generations, as is the case in the Standard Model, or to CP being an approximate symmetry, as is the case in the models discussed here. Future measurements, particularly of processes where the third generation plays a dominant role (such as a ψK S or a πνν ), will easily distinguish between the two scenarios. While the Standard Model predicts large CP violating effects for these processes, approximate CP would suppress them too.
The distinction between the Standard Model and Supersymmetry could also be made -though less easily -in measurements of CP violation in neutral D decays and of the electric dipole moments of the neutron. Here, the GIM mechanism of the Standard Model is so efficient that CP violating effects are unobservable in both cases. In contrast, the flavor breaking in supersymmetry might be much stronger, and then the approximate CP somewhat suppresses the effects but to a level which is perhaps still observable.
Finally, we note that the predictions for FCNC processes are modified even for those processes where the supersymetric contribution is negligible. The reason is that the con-straints on the CKM parameters are modified. Instead of the ε K constraint, which is not relevant for the CKM parameters, we have η ≈ 0. The resulting modifications were recently analyzed in ref. [30] .
